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Abstract 
 
The results of the study of an influence of pressure in the direct squeeze casting process on the physical and mechanical properties of an 
AlSi9Mg alloy are presented. The specimens were made by casting the tested AlSi9Mg alloy under the conditions of variable squeeze 
pressure, using a PHM 160c type hydraulic press. Analyzing the results of the experiment, it has been found that, the applied pressure has 
an important impact on the quality of castings squeezed in liquid state. The effect of squeeze pressure proves the advisability of continuing 
the application of various liquid-phase methods using external pressure to improve the properties of castings produced. 
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1.  Introduction 
 
A  tendency  prevails  nowadays  to  increase  the  structure 
loading capacity, while reducing the weight. There are numerous 
factors that speak in favour of this trend, to mention the economic 
and ecological considerations first of all. Reduced cross-sections 
of  the  operating  parts  must  be  compensated  by  improved 
properties of the structural materials, which forces constant search 
for  new  solutions  and  increasing  the  capacity  of  those  already 
used. 
Among the wide range of the currently available alloys, alloys 
based  on  Al-Si  system  are  widely  used  for  castings  in  many 
branches of the industry [1]. These alloys offer a wide range of 
beneficial  mechanical  properties  -  strongly  determined  by  their 
chemical  composition,  and  especially  the  content  of  alloying 
elements,  Mg  and  Cu  in  particular,  but  also  Ti,  Zr,  and  Ag, 
combined with satisfactory technological properties. One of the 
most popular alloys based on an Al-Si system is AlSi9Mg. This 
alloy  is  characterised  by  good  castability,  high  corrosion 
resistance and satisfactory mechanical properties [2]. 
In numerous studies devoted to the problem of improvements 
introduced to the technology of manufacturing various parts from 
AlSi9Mg alloy using liquid-phase methods, it has been stated that 
the ultimate tensile strength of the tested alloy in the condition 
after solution heat treatment and aging (T6) can reach the values 
above 350 MPa [3-5]. This is nearly twice the minimum value 
obtained in as-cast state, according to EN 1706:1998. Of course, 
this  level  of  performance  can  be  achieved  through  the  use  of 
modern  methods  of  liquid  metal  processing,  where  different  – 
compared with traditional methods (sand mould casting or gravity 
die casting) - conditions of alloy crystallisation and solidification 
induce changes leading to an increase in the level and quality of 
alloy characteristics. 
The morphology of the crystallising phases can be effectively 
changed through the application of non-equilibrium solidification 
conditions,  such  as  e.g.  an  increase  of  external  pressure  [6]. 
External  pressure  intensifies  heat  exchange  in  a  casting-mould 
system which, together with the thermodynamic changes in liquid 
metal, significantly affects the nature of the solidification process. 
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solidification  process  include:  increasing  the  density  of 
crystallisation  nuclei,  changing  the  solubility  of  phases  in  the 
solid state, and decreasing the rate of crystal growth [7]. All these 
factors  have  a  direct  impact  on  the  alloy  microstructural 
characteristics. 
There are numerous casting methods using external pressure, 
which differ in the way the pressure is exerted and in its impact 
on the casting forming process [2]. The most important methods 
include  pressure  die  casting,  centrifugal  casting,  low-pressure 
casting and squeeze casting. 
Squeeze casting offers many advantages over other methods 
of casting forming under the influence of external pressure. This 
method  allows  the  production  of  castings  with  precise 
reproduction of both the shape and surface, giving the near net 
shape products with metal yield above 95%. Items produced by 
this  method  are  characterised  by  high  degree  of  structure 
refinement and are free from the defects of porosity, which allows 
further heat treatment and processing, including e.g. welding. 
The purpose of this study was to evaluate the impact of applied 
pressure in the squeeze casting process on the physico-chemical 
properties of the ready components. The effect of this parameter 
on  the  finished  product  was  evaluated  from  the  results  of 
mechanical  tests  and  examinations  of  structure  compactness  of 
castings completed with the results of quantitative metallographic 
measurements including grain size and shape as well as the degree 
of the precipitates refinement. 
In addition to comparing the ultimate tensile strength, yield 
point, elongation, etc., it was decided to introduce a ―quality index 
Q‖  as  a  useful  means  to  assess  the  quality  of  the  examined 
casting, depending on the applied squeeze pressure. The quality 
index proposed by Drouzy et al. [8] is used as a tool in evaluating 
the impact of processes such as refining, modification, and heat 
treatment, on the tensile strength, yield point and elongation of 
alloys based on an Al-Si system. The index is defined as: 
Q= ˃b + k log ʵ, where: 
˃b is the value of the tensile strength, 
k is the constant amounting to 150, 
ʵ is the elongation at rupture. 
 
 
2.  Methodology 
2.1. Casting preparation for tests 
 
Tests were carried out on castings gravity poured in moulds 
and  squeeze  cast  from  AlSi9Mg  alloy  of  the  chemical 
composition given in Table 1. 
 
Table 1. 
Chemical composition of the examined alloy 
Content of alloying constituents in wt.%  
Si  Mg  Mn  Fe  Al 
9,7  0,30  0,15  0,04  balance 
 
Metal was melted in a PET 60 resistance pit furnace provided 
with a crucible made of SiC, precoated with boron nitride slurry 
(BN). The liquid metal after melting was held at 720 C, and then 
cast into a 120 mm dia. mould of 150 mm height, designed for the 
direct squeeze casting process. The mould temperature was kept 
in a range of 160 ± 10°C (each time the casting operation started, 
the  temperature  was  measured  with  a  pyrometer);  the  mould 
surface  was  coated  with  10%  aqueous  solution  of  colloidal 
graphite. The external pressure was exerted directly on the liquid 
metal mirror (direct squeeze casting) using the squeeze plunger 
operating  in  a  Ponar  PHM  160C  hydraulic  press  of  160T 
maximum  force.  The  time  of  pressure  application  was  60  s. 
Castings  were  made  at  different  pressure  levels  of  0.1 
(atmospheric), 75 and 150 MPa. 
 
2.2. Testing of mechanical properties 
 
The cut out specimens were used for testing of mechanical 
properties,  density  measurement  and  microstructural  analysis. 
Structure  compactness  was  measured  by  gravity  method 
(Archimedes),  while  hardness  testing  (HBW  5/250)  was 
performed  with  a  Zwick/Roel  ZHU3000  hardness  tester.  Each 
result  was  the  average  of  five  hardness  measurements.  Static 
tensile tests were carried out at ambient temperature on an Instron 
8800M machine at a strain rate of 3 mm/min. in accordance with 
the  PN  EN  10002-1:2004  Standard.  Tests  were  carried  out  on 
round normative samples of 6 mm dia. and 30 mm gauge base. 
Each result was the average of four measurements. 
 
2.3. Microstructural examinations 
 
Specimens  of  1x1x2  cm  dimensions  were  examined  under  
a  Leica  DM  IRM  optical  microscope  with  a  JVC  TK-C1380 
module for digital image recording and under an XL30 E-SEM 
scanning electron microscope made by FEI. The specimens were 
then  etched  and  examined  again  under  the  optical  microscope. 
Quantitative  analysis  of  the  obtained  microphotographs  was 
performed with a Leica QWin software; for measurements an IT 
Olympus Soft Imaging Solutions was used. 
Nominal grain size (dn) was defined as a maximum length of 
the grain chord. The grain shape was described with a width (D) –
to- length (L) ratio of the grain cross-section, thus defining the 
shape factor q = D / L. The grain cross-section length and width 
describe the distance between the two parallel lines tangent to the 
grain projection in respective directions. 
The measurements of maximum grain chord length and of the 
length  and  width  of  the  grain  cross-section  were  based  on  the 
microphotographs  taken  by  scanning  electron  microscopy  and 
optical microscopy. The obtained results were used in drawing of 
histograms,  based  on  which  through  plotting  of  the  normal 
distribution curves, the average dimension (xc), and width of the 
particle  size  distribution  were  determined.  As  a  quantitative 
measure of the distribution width, the full width at half maximum 
(FWHM)  was  adopted.  The  degree  of  fit  of  the  normal 
distribution  curve  to  experimental  data  was  determined  with 
coefficient R2. 
The stereological parameter NA was determined; it describes 
the  density,  i.e.  the  number  of  objects  falling  to  a  unit  cross-
sectional area, which was calculated from equation NA = N / A, 
where:  
N - number of objects counted,  
A - surface area of the analysed image. 
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3.  Results and discussion 
 
Figure 1 shows, as an example, images of the microstructure 
obtained  in  investigated  castings  solidifying  under  different 
pressures. In Figure 1a is visible the typical primary structure of 
an  AlSi9Mg  alloy  solidifying  under  atmospheric  pressure  in  
a metal mould. The structure is characterised by the presence of 
dendritic crystals of the α solid solution and large precipitates of 
an acicular Al-Si eutectic. Multiplying the pressure during casting 
solidification (Figures 1b, 1c) caused significant refinement of the 
structure of the tested alloy. The dendrites of the α solid solution 
underwent the process of globularisation, while the Al-Si eutectic 
located  in  the  interdendritic  spaces  was  obviously  refined  and 
homogenised. 
There are several factors which induce the effect of structure 
refinement. The first one is a significant increase in the cooling 
rate  obtained  through  improved  contact  between  the  casting-
mould  walls  [9].  The  second  factor  is  related  to  the 
thermodynamic nature of the squeeze pressure, which changes the 
melting  point  of  metals  and  alloys.  This  relationship  has  been 
described  with  Clausius-Clapeyron  equation  [10].  For  pure 
aluminium,  the  calculated  increase  in  melting  temperature  is 
0.068  K  /  MPa  [11].  Therefore,  when  pressure  is  applied  to  
a liquid alloy at a temperature just above its melting temperature, 
some  degree  of  undercooling  results.  Higher  cooling  rate, 
especially  if  coupled  with  a  prompt  large  undercooling  as 
mentioned above, can cause significant refinement in the structure 
as seen in Figure 1. The effect of a strong structural refinement is 
also influenced by the fact that pressure additionally acts as an 
inhibitor of the crystal growth, which further reduces the average 
grain size [7]. 
 
a) 
   
b) 
   
c) 
   
 
Fig. 1. Typical microstructures of the examined castings solidifying under different pressures: a) atmospheric pressure (0,1 MPa),  
b) 75 MPa, c) 150 MPa A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   11,   I s s u e   3 / 2 0 1 1 ,   5 5 - 60  58 
Table 2. 
Results of the quantitative metallography and structural compactness of the tested castings 
Applied pressure, MPa  Mean grain size, 
µm 
SDAS, 
µm  Density, g/cm
3 
0,1  91,3  42  2.672 
75  66,0  21  2.689 
150  65,4  18  2.702 
 
Table 3. 
Mechanical properties of the tested alloy 
Applied 
pressure, MPa  UTS, MPa  Standard 
deviation 
YS, 
MPa 
Standard 
deviation 
Elongatio n 
% 
Standard 
deviation  Quality index Q 
0,1  160  6,4  78  7,7  1,8  0,8  200 
75  171  4,7  89  5,2  3,1  0,9  245 
150  175  5,6  96  3,8  3,7  0,4  262 
 
 
Applied pressure  Hardness, HB  Standard deviation  Impact resistance, 
KCV 
0,1  60  0,8  2,1 
75  66  0,3  3,1 
150  68  0,7  3,8 
 
 
a) 0,1 MPa  b) 75 MPa 
 
c) 150 MPa    d) precipitates density 
 
 
Fig. 2. The results of investigations of the squeeze pressure effect on the grain size and density of precipitates: a) casting 1 (0,1 MPa),  
b) casting 2 (75 MPa), c) casting 3 (150 MPa), d) density of precipitates in the examined alloy 
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An obvious consequence of the pressure multiplication when 
applied  to  the  liquid  metal  during  its  solidification  process  is 
elimination of possible structural discontinuities of the gas and 
shrinkage porosity type, also in macro scale, by ―levelling‖ them 
out  in  semi-solid  state.  In  conventional  liquid-phase  processes, 
certain  content  of  structural  discontinuities  is  an  unavoidable 
consequence of the solidification process of liquid metal and of 
the associated changes in properties - the volumetric changes, in 
this  case.  The  disappearance  of  large  pores,  which  occur 
sporadically in the microstructure of casting no. 1, solidifying at 
an  atmospheric  pressure  of  0.1  MPa,  was  achieved  through 
application of external pressure equal to 75 MPa (casting no. 2). 
The  increasing  structural  compactness  was  confirmed  by  the 
results  of  density  tests  (Table  2).  With  increasing  squeeze 
pressure, the structural density of the examined castings increases, 
too. 
The results of investigations of the pressure effect on the grain 
size are shown in Figure 2 a-c. It was observed that the average 
grain size (xc) in a cast alloy solidifying under the atmospheric 
pressure was 91.3 ± 2.0 µm.  With the change of solidification 
conditions (squeeze pressure increased to 75 MPa), a significant 
decrease in xc was observed, and the obtained value was 66 ± 2.0 
µm. Maximising the squeeze pressure to 150 MPa did not cause 
any further decrease of this parameter in the examined castings 
(xc = 65.4 ± 3.9 µm). 
Another investigated structural parameter was the secondary 
dendrite  arm  spacing  (SDAS).  The  interdependence  between 
SDAS and the applied squeeze pressure is similar to that observed 
in  the  case  of  grain  size.  The  casting  solidifying  under  the 
conditions of atmospheric pressure was characterised by SDAS of 
42  µm.  The  application  of  external  pressure  equal  to  75  MPa 
reduced the SDAS value in the examined alloy twice (21 µm). 
Increasing the pressure to 150 MPa had practically no effect on 
the value of this structural parameter (18 µm). 
Information on the refinement of microstructure can also be 
obtained from analysis of the precipitates density. In the squeeze 
casting  process,  where  solidification  takes  place  under  high 
pressure,  at  a  high  rate  of  cooling  and  with  high  degree  of 
undercooling, the conditions favour the refinement of structural 
constituents  and  their  spheroidisation.  The  results  of  the 
precipitates  density  measurement  in  relation  to  the  squeeze 
pressure are shown in Figure 2d. The increasing pressure raises 
the number of precipitates per unit area. 
Detailed  analysis  of  the  results  of  microstructural 
examinations  shows  a  significant  improvement  of  the 
microstructural parameters obtained under the effect of external 
pressure growing from 0.1 to 75 MPa, further intensification of 
this  factor  causes  only  small  changes  in  the  microstructural 
parameters. This can be explained examining closely the shape of 
the test casting. It is a cylinder of a 120 mm diameter and a height 
of about 100 mm (depending on metal volume poured into the 
mould cavity). In central part of the casting there is a large hot 
spot,  which  leads  to  the  formation  of  shrinkage  porosity  and 
influences the  growth  of  microstructure  in  the  examined  alloy. 
The  increase  in  pressure  from  0.1  to  75  MPa  is  sufficient  to 
ensure good contact between the casting surface and mould cavity 
walls,  which  enhances  the  heat  transfer  and  ensures  sufficient 
feeding of metal to the areas where shrinkage porosity may occur. 
Further increase of pressure affects the alloy undercooling degree, 
raising  its  value  which,  nevertheless,  has  less  impact  on  the 
structure than other factors mentioned above. 
 
 
 
 
Fig. 3. Graphs correlating the quality index with an average grain size, the secondary dendrites arm spacing and the density  
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The quality of the metallic material microstructure is reflected 
in  the  mechanical  properties.  Table  3  presents  the  results  of 
mechanical tests including the quality index Q. Analysis of the 
results of the mechanical alloy testing allows drawing a general 
conclusion on the occurrence of an unquestionable relationship 
between these properties and the squeeze pressure. 
The differences in mechanical properties of the tested alloy, 
represented  by  UTS,  YS  and  hardness,  are  not  significant. 
Likewise  revealed  by  the  quantitative  metallography,  the 
differences in mechanic properties between castings squeezed at 
pressure of 75 MPa with castings solidifying under atmospheric 
conditions are more prominent than between castings squeezed at 
75 MPa and 150 MPa.  
A significant improvement of plastic properties was observed 
in the examined alloy, namely the elongation A5 increased more 
than twice, i.e. from 1.8 to 3.7%, when castings solidifying under 
atmospheric  pressure  and  squeeze  cast  at  150  MPa  were 
compared. That is also the case when examining the changes in 
alloy impact resistance. This property of the material varied from 
2.1 KCV (0.1 MPa) to 3.8 KVC (150 MPa). 
Graphs  correlating  the  quality  index  with  an  average  grain 
size, the secondary dendrites arm spacing and the density of the 
tested alloy are shown in Figure 3. Analysis of the graphs enables 
drawing  conclusions  about  the  potential  impact  of  the  above 
mentioned  parameters  on  the  quality  of  the  examined  alloy, 
expressed with parameter Q. The highest correlation coefficient 
with the parameter Q has the density; the ratio R is 0.97. This 
proves the usefulness of the liquid-phase methods in which the 
metal  solidifies  under  increased  pressure,  thus  enabling  better 
feeding of the casting. 
 
 
4.  Conclusions 
 
  a significant impact of squeeze  pressure on the measured 
microstructural  parameters,  mechanical  properties  and 
quality of the examined AlSi9Mg alloy, expressed with the 
quality  index  Q,  which  demonstrates  a  wide  spectrum  of 
changes  that  this  factor  causes  during  the  solidification 
process, was reported,  
  the  largest  increase  in  properties  was  observed  when 
comparing castings solidifying under atmospheric pressure 
with castings squeezed in liquid state at 75 MPa; pressure 
increased to 150 MPa causes further growth of properties, 
but not as spectacular as in the former case,  
  it was observed that the density and the average grain size 
have the greatest impact on final quality of the examined 
castings, expressed with a quality index Q. 
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